The Kangankunde Carbonatite Complex from the Cretaceous Chilwa Alkaline Province in southern Malawi contains ankeritic and siderite carbonatite that are affected by late stage remobilisation by a carbothermal or hydrothermal fluid. The coarse pegmatitic siderite carbonatite that hosts exotic minerals like monazite, synchysite, bastnasite, strontianite and apatite in vugs and cavities constitutes some of the richest rare earth deposits in the world. Besides these minerals, our studies reveal the presence of collinsite and aragonite from the siderite carbonatite. Fine drusy monazites are seen as overgrowths on thin veinlets of siderite within the rare earth mineralised zones. We present unambiguous SEM-based surface textural evidence such as presence of dissolution-corrosion features like etching along cleavage, solution channels, solution pits, sinstered scaly surface, etc. along with rare earth mineralisation that suggests the exotic minerals in the siderite carbonatite did not crystallise from carbonate magma and are a result of sub-solidus processes involving carbonatite-derived fluids. We believe that the monazite-synchysitebastnasite-strontianite-collinsite assemblages were formed by juvenile post magmatic hydrothermal alteration of pre-existing carbonatite by a complex CO 2 -rich and alkali chloride-carbonate-bearing fluid at~250 to 400°C in an open system. This late 'magmatic' to 'hydrothermal' activity was responsible for considerable changes in rock texture and mineralogy leading to mobility of rare earth elements during fluid-rock interaction. These aspects need to be properly understood and addressed before using trace and rare earth element (REE) geochemistry in interpreting carbonatite genesis. 
Introduction
Carbonatites are rare, peculiar igneous rocks formed by unusual processes [1] . Carbonatite melts are characterised by very low magmatic temperatures (~800 to 900°C) at * E-mail: raymond.duraiswami@gmail.com atmospheric pressures and very low (0.008 to 0.03 PaS) viscosities [2, 3] . High concentrations of Sr, Ba, Th, U, P and light rare earth elements (LREE) are typical of carbonatite geochemistry [4] . Their classification is based primarily on modal mineralogy (calcite carbonatite; coarse grainedsövite; fine grained-alvikite, beforsite, etc.) or major oxide geochemistry (calcio-, magnesio-, ferro-carbonatite) [5] . Rare Earth (RE) carbonatite [6] are fine grained, pegmatitic or porphyritic varieties containing modal RE minerals as- sociated with variable Ca:Mg:Fe carbonatites with a whole rock value of >1% RE 2 O 3 . Carbonatite magmas are considered to be residual melts of fractionated carbonated nephelinite or melilitite [7, 8] or immiscible melt fractions of CO 2 -saturated silicate melt [9] [10] [11] [12] [13] [14] . Carbonatites are also considered primary mantle melts generated through partial melting of CO 2 -bearing peridotite [15] [16] [17] [18] [19] . They are subdivided into primary magmatic carbonatites and carbothermal residual carbonatites formed from low temperature fluids that are rich in CO 2 , H 2 O and fluorine [20] . Although carbonatite magmas have formed from primary melts or as immiscible melt fractions of CO 2 -saturated silicate melt, the associated RE carbonatite are considered to be a late 'magmatic' to 'hydrothermal' event [21] [22] [23] [24] [25] [26] [27] [28] [29] . Evidence for the hydrothermal origin for the RE mineralisation is based mainly on mineralogy, geochemistry and isotopes. Good descriptions of textural evidence using back-scattered electron images suggesting hydrothermal origin exist in literature for Barra do Itapirapuã (Brazil) [30] and Amba Dongar (India) [31] , but such evidence does not exist for the Kangankunde Carbonatite Complex, Malawi despite the rich RE mineralisation. The Cretaceous Chilwa Alkaline Province [32, 33] in southern Malawi contains numerous carbonatite centers (Figure 1a) , some of the most famous being the Chilwa Island, Tundulu Carbonatite Complex [34, 35] and Kangankunde Carbonatite Complex [36] . The rocks from the Kangankunde Carbonatite Complex, Malawi (Figure 1b ) are unique and hosts exotic minerals like monazite, synchysite, bastnasite, strontianite and apatite that constitute one of the richest RE deposits (11 Mmt of material with 8.4% SrCO 3 and 1.9% rare-earth oxides) in the world [37] . The abundance of RE hosting minerals in the Kangankunde Carbonatite Complex provides an opportunity to undertake mineralogical and textural studies to elucidate the late stage 'hydrothermal' hypothesis. In this paper, we present conventional petrographic and Scanning Electron Microscopy (SEM) based surface textural evidences for late stage hydrothermal activity from the Kangankunde Carbonatite Complex. These studies suggests that initially the host carbonatite was pervasively impregnated by corrosive gases and fluids that resulted in formation of cavities, vugs and veins and culminated in widespread RE mineralisation due to streaming of late stage hydrothermal fluids.
Geology
The Kangankunde Carbonatite Complex is one of several carbonatite complexes in southern Malawi (Figure 1a ) as-sociated with the Shire Valley section of East African Rift System. The Kangankunde Hill is an eroded remnant of a carbonatite depocentre belonging to the Lower Cretaceous Chilwa Alkaline Province. The Kangankunde Carbonatite Complex differs significantly from other carbonatite in the marked absence of nepheline syenite and other silicate rocks like lamprohyres and melanephelinite. The carbonatite complex (Figure 1b) consists of faulted segments of concentric zones of fenites, carbonated agglomeratic breccias and strontianite-rich ankeritic carbonatite. Small plugs and dyke-like intrusions of 'apatite beforsite' are present in the Kangankunde Hill [21, 36] . In the central part of the complex, the carbonatite dykes or veins (stockwork?) follow an arcuate pattern, with a plug-like carbonatitic intrusion near the crest of the hill. The veins constituting the stockwork can be classified into five varieties:
1. Fine to medium grained dark brown siderite carbonatite.
2. Coarse grained light to dark brown mottled ankeritic/sideritic carbonatite with patches of RE minerals.
3. Whitish pale grey to light buff ankerite carbonatite.
4. Purplish black to dark brown siderite and Mn-rich ankerite carbonatite.
5. Creamy white to greenish grey strontianite rich carbonatite.
Outcrops of Mn-rich ankerite carbonatite occur in the central zone of the complex. The Mn-rich ankerite carbonatite is chocolate brown to black in appearance, massive with porous, earthy patches. The agglomerate consists of subrounded to rounded fragments of variably feldspatised rocks set in a white, fine grained calcite matrix. Towards the flanks of the central zone of the Kangankunde Carbonatite Complex, dark manganiferous ankerite with streaky bands is exposed. The rock shows apatite rich schlieren [38] and contains variable amounts of strontianite and monazite. The rare earth mineralisation at Kangankunde occurs either as impregnations of monazite, pink florencite or flaky bastnasite throughout the carbonatite rock or as concentrations with different forms [21] . A significant but relatively uncommon form of RE concentration are small rounded to oval stocks of up to 1m with drusy or coarse grained rock ( Figure 2a) containing monazite, barite, strontianite and ankerite veins (Figure 2b ). The commonest type of monazite concentration occurs along sideritic margins of intrusive carbonatite dykes. Significant enrichment of monazite, strontianite, barite and quartz are also seen in cavities, small veins and veinlets in the carbonatite host (Figure 2c ).
The veins generally tend to pinch and swell, often assuming bulbous forms and terminations ( Figure 2d ). The RE mineralised veins show an irregular corrosive boundary with the host carbonatite. Sometime the RE mineralised veins show angular to rhombohedral contact that mimics the crystal form of siderite within the carbonatite (Figure 2e ). Several veins have curvilinear forms with corrosive contacts (Figure 2f ) indicating a post magmatic intrusive nature of the veins during the hydrothermal activity. Veins of pure strontianite are also present in the siderite carbonatite. Besides the carbonatite association, monazite also occurs with drusy quartz in the Northern and Southern Knoll ( Figure 1b ) and provides strong field evidence for late stage hydrothermal origin [21] . The fenitised country rocks around Kangankunde contain flesh coloured orthoclase, sodium amphibole, aegirine augite and monazite suggesting widespread pervasive hydrothermal mineralisation in the basement rocks.
Sampling and Methodology
The first author collected sideritic carbonatite (KAN1), sovitic agglomerate (KAN2), manganiferous sovitic carbonatite (KAN3, KAN4), ankeritic carbonatite (KAN5), Mn-rich ankerite carbonatite (KAN6), and sovite (KAN7, KAN8, KAN9) during his 1999 field visit to Kangankunde. In this paper, we present the petrographic descriptions for sovitic agglomerate, manganiferous sovitic carbonatite and siderite carbonatite. Three different rare earth mineralised vugs (K1, K2 and K3) from the siderite carbonatite (KAN1) were selected on basis of variation in colour and mineralogy for detailed X-ray studies. Mineral aggregates from these vugs were carefully scraped by a steel scalpel and care was taken not to include the host carbonatite. The scraped material was hand ground into fine powder in an agate mortar. The powders were subjected to XRD (Cu Kα radiation) at the Department of Physics, University of Pune. The X-ray powder diffraction data was collected over a range of 20˚-65˚2Θ. The scraped mineral aggregates and host siderite carbonatite were carefully mounted on stubs and subjected to imaging and geochemical analyses using a energy-dispersive JEOL JSM-6360A Scanning Electron Microscope fitted with a LA electron microprobe (operating conditions: 20 kV accelerating voltage and beam diameter approximately 5 µm).
Petrography
The agglomerate at Kangankunde Hill consists of a calcite matrix with angular to subangular fragments of pink fenite, turbid feldspar and iron oxide with accessory quartz, barite and monazite. The siderite carbonatite occurs as two distinct varieties: A) fine-grained, dark brown, massive rock with a prevalent saccharoidal texture, and B) tawny, light brown, coarse to blocky variety with a predominantly pegmatitic texture.
The massive, fine grained, siderite carbonatite consist of abundant euhedral to subhedral rhombohedra of siderite and monazite that are set in a coarse grained clear calcite matrix (Figure 3a ). In samples showing streaky texture, the siderites are anhedral and appear to be drawn into patterns that resemble fluidisation or streaming effect ( Figure 3b ). Occasionally, the streaming is disrupted by rhombohedral 'augen' of siderite. Wherever individual siderite 'augen' exists they have developed clear rims. Individual monazite crystals or group of crystals are also sometimes seen within the fluidised sideritic matrix (Figure 3c,d ). Most features seen in the streaky siderite carbonatite indicate late stage interaction and remobilisation due to a carbothermal or hydrothermal fluid.
The coarse grained, pegmatitic sideritic carbonatite contain enclaves of RE minerals and quartz. Thin veinlets of siderite crystals are occasionally seen in the quartz enclaves. Many of the siderite veins show overgrowths of fine drusy monazite ( Figure 4a ). Flaky synchysite and bastnasite are seen in close proximity to the siderite veins. More commonly, the monazite crystals occur as colourless to pale brown aggregates in a quartz matrix ( Figure 4b ). Individual monazite crystals are 10 to 300 µm long, euhedral, prismatic and their colour varies from colourless, pistachio green to brown ( Figure 4c ). The colour variation is not related either to their chemistry or different varieties of host carbonatite [38] . Monazites cut perpendicular to c-axis are six-sides ( Figure 4d ). The cores of most monazite crystals are cloudy and perforated due to α-track emissions from uranium decay. A weak zoning is seen in some of the larger crystals, but these are unlike those reported by Cressey et al. [39] using SEM micrographs. 
X-ray diffraction
RE minerals identified in X-ray powder diffraction patterns from three samples (K1, K2, and K3) is presented in Figure 5 and the identified phases are given in Table 1 [40] . Structural refinement reveal differences between bastnasite (hexagonal), synchysite (pseudo-hexagonal) and parasite (monoclinic) due to the presence of (Ca) layers in the lattice [41] [42] [43] .
Intergrowth of syntactically oriented phases [44] is therefore quite common in these minerals as they have similar structures with identical growth-surfaces between (CeF) and (CO 3 ) layers. According to the isobaric-isothermal diagrams of William-Jones and Wood [45] the pairs bastnasitesynchysite, bastnasite-parasite and parasite-synchysite are quite common, whereas the three-phase assemblage is metastable. From the XRD analyses carried out by us, it is clear that the bastnasite-synchysite association is most common, possibly indicating syntactical intergrowth similar to those seen in the BSE images from Barra do Itapirapuã (Brazil) [30] and Amba Dongar (India) [31] . However, the possible presence of bastnasite-synchysite-parasite in sample K3 could suggest a three-phase metastable assemblage. 
SEM-EDX studies
The SEM micrographs of host siderite carbonatite show anhedral to subhedral crystals of siderite in fresh, unaltered specimens. Most siderite crystals occur as rhombohedra with curved crystal faces (Figure 6a) . Some of the large crystals are characterised by sub conchoidal fracture pattern. Few large scalenohedron of siderite have grown into vugs and fracture planes. Hydrothermally altered siderite carbonatite occur along cleavage planes and frac- tures. Samples from these zones do not show the granular, anhedral to subhedral character of the unaltered siderite carbonatite. SEM of the remobilised siderite carbonatite shows either a smooth massive or scaly, sinstered surface with several cracks (Figure 6b ). The smooth surfaces have developed where corrosion is complete followed by precipitation of siderite. Partial corrosion or dissolution of pre-crystallised siderite lends a granular appearance. Formation of granular and scaly crackled surface texture is interpreted by us as an effect of corrosion of pre-existing crystalline siderite carbonatite followed by precipitation under the influence of post emplacement magmatically related hydrothermal solution (carbothermal solution?). Evidence for corrosion from solution also comes in the siderite carbonatite where solution channels are seen along possible cleavage planes and irregular cracks (Figure 7a ). In the vicinity of such solution channels the surface of the siderite appears spongy and pitted due to minute solution pits. Precipitation occurs elsewhere on the flat surface of siderite (e.g. lower half of Figure 7a ). Etching and dissolution of carbonate is also seen along two sets of cleavage (Figure 7b Collinsite is generally associated with small vugs and fissures in the altered siderite carbonatite. In hand specimens, the mineral is hardly visible as it has the same tawny or brown colouration as the host carbonatite. In SEM micrographs the mineral occurs as fibrous aggregates (Figure 8a ). In places, serrate tufts of collinsite are also present. At higher magnifications, the collinsite aggregates show a bladed habit ( Figure 8b) ; individual sheaves or fibers are elongated along (100). Collinsite has well developed cleavage along (010). The morphological characteristics of collinsite from the present study are similar to that reported from Rapid Creek and Big Fish River area Yukon Territory, and the Kovdar Carbonatite Complex, Northwestern Russia [46, 47] . The rare earth mineralisation in cavities and vugs from the siderite carbonatite were also investigated by SEM studies. Fine radiating aggregates of fibrous synchysite are seen to grow on the siderite carbonatite (Figure 9a) . At higher magnifications, synchysite occurs as pseudohexagonal stacks with splintery fracture habit (Figure 9b) . Occurrence of synchysite is common where maximum effects of corrosion and precipitation are seen. The host carbonatite in such cases show subhedral scalenohedrons of siderite that have been corroded along crystal faces and edges by invading fluids.
The mineralised vugs in siderite carbonatite at Kangankunde contain drusy monazite veins (Figure 10a,b) . Monazites occur as small prismatic crystals (Figure 10a ) or as flattened crystals (Figure 10b ) on (101). Crystal faces may be bound by (110) (see Figure 10c) and modified by the small development of (100) (Figure 10d ). Individual crystals may show zoning (e.g. Figure 10d ). SEM studies also reveal the presence of a highly fibrous mineral (Figure 11a ) that occurs as encrustations on siderite carbonatite. At higher magnifications, the mineral assumes a flaky character (Figure 11b ) and shows solution pits and related precipitation akin to chemical dissolution and re-precipitation on etched quartz grains. SEM-EDX suggests it to be calcium-magnesium carbonate (C -11.17 wt.%, O -14.94 wt.%, Ca -2.97 wt.%, Mg -1.51 wt.%). Based on its morphology and chemistry we suspect this mineral to be aragonite. The presence of aragonite in the RE mineralised zones within the siderite carbonate has already been confirmed by us in the XRD studies. Occurrence of aragonite in carbonatites has been poorly reported in literature for obvious reasons as the mineral inverts to calcite with time.
The SEM-EDX chemical analyses of monazite, synchysite and siderite are presented in Table 2 . The low totals reported in the analyses are within the data range for respective minerals in published literature [30, 48, 49] . The low totals are probably related CO 2 , F and other volatiles in the RE-fluorocarbonates and monazites. Monazites from Kangankunde are typically low-Th with abnormally high concentrations of rare earth elements (REE). Monazites from the present study show low CaO (0.2-0.7 wt.%), and high MgO (0.86-2.52 wt.%), SiO 2 (2.28-6.39 wt.%), P 2 O 5 (11.68-18.87 wt.%) and ZrOs (3.53-3.86 wt.%). The monazites uptake REE preferentially e.g. La by (011) sector surfaces and is enhanced relative to that of (101) and (100) sectors and uptake of Nd is more easily facilitated on (101) and (100) surfaces relative to (011). Interestingly, Ce showed no partitioning differences and is uniformly distributed in the monazites. It is speculated that the typical chemistry of monazites from Kangankunde may be due to coupled substitutions involving REE, Ca, Th, Si or P in the monazite structure leading to solid solutions to a cheralite [(REE, Ca, Th) (P, Si)O 4 ] like phase [50] . The synchysite from the present study is characterised by variable amounts of CaO (0.12-0.25 wt.%), MgO ( Table 2 ). The HREE 2 O 3 concentration range from 13.34 to 24.71 wt.% in monazites and 55.93 to 68.17 wt.% in synchisite. Based on these analyses, it can be concluded that the concentration of LREE 2 O 3 is relatively higher in the bastnasite and monazite when compared to synchisite where HREE 2 O 3 seem to be preferentially concentrated. All the minerals analysed in the present study show the Ce>La>Nd order of preference for REE uptake. The heavy rare earth elements (HREE) tends to get preferentially concentrated in the synchisite and siderite (Yb 2 O 3 -3.81 wt.%; Lu 2 O 3 -10.36 wt.%).
Discussion
In this section we integrate our observations and findings with pre-existing evidence in published literature supporting the late stage 'hydrothermal' RE mineralisation. It is a well know fact that RE minerals are common in carbonatites, more so in rocks that formed late in the sequence of emplacement [51, 52] . Monazite bearing carbonatite are therefore considered to have formed at the later stages of emplacement. Exceptionaly high concentrations of REE in monazites, coupled with a very strong fractionation between the light and heavy REEs, suggests that the LREE either remained in the residual magma or they were concentrated within the last phase of carbothermal fluids [53] . The Kangankunde Carbonatite Complex consists of ankerite and siderite carbonatites characteristic of 'late stage' carbonatites. Abundant bright green monazite occurs throughout these carbonatites and is also associated with thick quartz veins [21, 34, 36] together with baryte, strontianite, bastnasite and florencite-goyazite that are believed to have been formed by a late stage activity at the magmatic-hydrothermal boundary [23] . The Sm/Nd isotopic evidence for Kangankunde [54] rocks links monazite and secondary apatite from carbonatites and fenites with monazite, florencite and REE-rich apatite from quartz veins thereby suggesting strong involvement of late stage metasomatic fluids. According to Wall et al. [55] , textural evidence such as the presence of pseudomorphs containing the RE mineral assemblage, veinlets and drusy cavities, indicate that fluid based RE mineralisation replaced earlier formed carbonates. Similar textural evidence for hydrothermal fluorocarbonate mineralisation is also seen in the carbonatites of Barra do Itapirapuã (Brazil) [30] and Amba Dongar (India) [31] .
Field based evidence such as streaky flow and remobilisation features in the Mn-rich ankerite carbonatite and RE mineralised veins with irregular corrosive boundaries within the siderite carbonatite in the Kangankunde Carbonatite, Malawi suggests fluid-rock interaction and remobilisation due to late stage hydrothermal activity. Unambiguous petrographic and SEM based surface textures such as widespread etching along carbonate cleavage, solution channels, solution pits, sinstered scaly precipitations and RE mineralisation in the near vicinity are important evidences that support the field based observations. Thus the textural evidence provided in this study suggests that the RE minerals in the siderite carbonatite have not directly crystallized from magma and are a result of sub-solidus processes involving carbonatite-derived fluids. Result of sub-solidus experiments involving carbonatite-derived flu- ids suggests that some RE minerals may directly precipitate, or may alter earlier minerals such as apatite [56] . Field and textural evidence from this study suggests that "hydrothermal" or "carbothermal" fluids or combinations of the two is pervasive into earlier formed carbonatites creating dissolution, corrosion and precipitation textures that ultimately produce RE mineral disseminations and schlieren in host carbonatite (e.g. sovite, ankerite carbonatite) or polycrystalline RE mineral aggregates in cavities, vugs and veins in siderite carbonatite. The hydrothermal fluids have also invaded the country rock or earlier formed fenites and transported away the REE [54, 56] . Evidence for later stage hydrothermal fluids also comes from fluid inclusions in quartz and fenites associated with the Kangankunde Carbonatite Complex. Carbonatitic fluids trapped as inclusions within recrystallised quartz contain traces of rare metal mineralisation (e.g. rutile, zircon, apatite, barites and cerussite?) as solid inclusions [57] . The fluids in the inclusions are complex CO 2 -rich and alkali chloride-carbonate-bearing brines in which nahcolite (NaHCO 3 ), halite, calcite and burbankite are common daughter minerals. Such assemblages are considered to represent late-stage carbonatitic fluids reported from mineralised carbonatite complexes [58, 59] . The presence of collinsite in sideritic carbonatite from Kangankunde helped constrain the temperature of the hydrothermal fluids partaking in its genesis. In the Kovdor alkaline-ultramafic complex, northwestern Russia several generations of collinsite were formed by juvenile hydrothermal solutions derived from phoscorite and dolomite carbonatite [47] . Based on the relatively low f(CO 2 ) the upper limit of the hydrothermal process is set below 270-250°C, and is in agreement with the thermal range concerning the temperature of homogenisation of H 2 O-CO 2 fluid inclusions in carbonatites [59] . The decrepitation temperature of liquid inclusions within post magmatically generated apatite is set at 270°C [60] . The temperate range also corresponds to the release of gaseous CO 2 from a carbonatite-derived fluid (carbotherm) that initially had dissolved 30-60 mol.% CO 2 [29, 61, 62] . Variability in the clumped isotope signature of carbonatites has been attributed to differences in mineralogy, water content, cooling rate and burial history. Based on inorganic precipitation experiments, Dennis and Schrag [63] believe that deviations from the original Ghosh et al. [64] calibration were due to precipitation of aragonite and amorphous carbonate instead of single-phase calcite. The presence of aragonite in the RE mineralised vugs from the present study could be possible proof that validates this hypothesis.
Conclusions
The siderite carbonatites from the Kangankunde Carbonatite Complex, Malawi occur as arcuate dykes within the sovitic agglomerate breccia. Streaky Mn-rich ankerite carbonatite show textural evidence of late stage remobilisation by carbothermal or hydrothermal fluids. Tawny, light brown, coarse pegmatitic siderite carbonatite hosts exotic RE minerals as disseminations or as aggregates in cavities and vugs. XRD studies of the mineral aggregates confirm the presence of monazite, synchysite, bastnasite, aragonite and strontianite. SEM micrographs of host siderite carbonatite show unambiguous textural evidence of fluid-host rock interaction in the form of dissolution-corrosion features, etching along cleavage, solution channels, solution pits, sinstered scaly surface, etc. along with precipitation of aragonite and rare earth minerals like monazite and synchysite. This indicates that at least some of the RE minerals did not crystallise from carbonate magma and are a result of sub-solidus processes involving carbonatitederived fluids. The RE mineral assemblage were formed by juvenile post magmatic hydrothermal alteration of carbonatite by a complex CO 2 -rich and alkali chloride-carbonatebearing fluid at~250 to 400°C in an open system. Similar inferences have been drawn based on fluid inclusion, geochemical and isotope studies. The presence of collinsite from the siderite carbonatite from Kangankunde is probably recorded for the first time and further strengthens the hydrothermal alteration hypothesis. This late 'magmatic' to 'hydrothermal' activity was responsible for considerable changes in rock texture and mineralogy leading to mobility of REE during fluid-rock interaction. These aspects need to be properly understood and addressed before using trace and REE geochemistry in interpreting carbonatite genesis.
